Introduction
The development of efficient and selective catalysts for the oxidation of alcohols into their corresponding carbonyl compounds is a fundamental issue in organic synthesis, as well as in the chemical industry. 1, 2 Carbonyl compounds, such as aldehydes and ketones, are precursors for the synthesis of many drugs, ligands, vitamins, etc., and important intermediates for many complex syntheses. [1] [2] [3] A good number of studies has been reported on homogeneous or heterogeneous catalytic oxidation of alcohols with different catalysts and oxidants. 4, 5 Due to several disadvantages of heterogeneous systems, namely difficult catalyst recycling, alcohol oxidation using heterogeneous catalysts is gathering increasing interest. 2, 4 Moreover, oxidation of alcohols with air or peroxides represents an important eld of contemporary metal complex catalysis. [4] [5] [6] Galactose oxidase is a copper-containing enzyme that catalyzes the two-electron oxidation of primary alcohols to aldehydes using molecular oxygen as the terminal oxidant. 4 Synthetic models of galactose oxidase, i.e., copper complexes with different types of organic ligands are also known to be good catalysts in the oxidation of alcohols by molecular oxygen of air or hydrogen peroxide.
4,5
Recently, we have found that water-solubility of arylhydrazones of active methylene compounds (AHAMCs) and their copper(II) complexes can be increased by functionalization of ligands with hydrophilic polar groups, such as sulfo, carboxy or nitro, and they can be signicantly active catalysts in the aerobic and peroxidative oxidation of alcohols or of unsaturated hydrocarbons to the corresponding organic compounds.
7-11 The modication of AHAMCs ligands with several sulfonic groups can promote the solubility of the isolated complexes in polar solvents, but hamper their solubility in solvents with low polarity. Hence, these complexes could act as heterogeneous catalysts for the solvent-free and microwave-assisted oxidation of less polar bulky substituted or long chain alcohols, such as benzyl alcohol, 1-phenylethanol, hexan-1-ol, heptan-1-ol, etc . to the corresponding carbonyl compounds. The application of such an approach to the establishment of an heterogeneous catalytic system for alcohol oxidation constitutes the main aim of the current study.
Herein, we report the synthesis and characterization of highly water soluble copper(II) and manganese(II) complexes of AHAMCs, i.e., 2-(2-(dicyanomethylene)hydrazinyl)benzenesulfonate (HL 1 ) À and 5-(2-(4,4-dimethyl-2,6-dioxocyclohexylidene)
, and their catalytic activity (as heterogeneous catalysts) towards solventand additive-free peroxidative oxidation of aromatic and of aliphatic cyclic or long chain alcohols under low power microwave irradiation.
Results and discussion

Synthesis and characterization of 1 and 2
Sodium salts of both ligands, NaHL 1 and Na 2 H 2 L 2 , were synthesized by the Japp-Klingemann method 7b,12 upon reaction between the aromatic diazonium salt of a substituted aniline and malononitrile or 5,5-dimethylcyclohexane-1,3-dione in water solution containing sodium hydroxide (for analytical data see ESI †). They were reported earlier by some of us.
7b,12
The reaction of NaHL 1 Moreover, these heterogeneous catalysts could be easily recovered and reused, at least for three consecutive cycles, maintaining 89% of the initial activity and a rather high selectivity (see below).
Complexes 1 and 2 were also tested towards the oxidation of primary (benzyl alcohol) and other secondary alcohols, namely cyclohexanol and the linear 2-and 3-hexanol. The ketones are the only oxidation products obtained ( Table 2 ). As expected, the alicyclic cyclohexanol is less reactive than 1-phenylethanol: in the presence of a catalytic amount of 1 or 2 (0.4 mol% vs.
substrate) and in the solvent-and additive-free medium, the systems yield 56.4% and 65.5% of cyclohexanone aer 1 h at 150 C/10 W MW irradiation ( Table 2 , entries 1 and 2, for 1 and 2, respectively). The linear aliphatic alcohols 2-hexanol and 3-hexanol lead to similar (1) or lower (2) yields ( Table 2 , entries 3-6), under similar reaction conditions, as reported in other cases. 5,6h-k,15 However, benzyl alcohol leads to the lowest product yield in contrast to what is usually observed, 16 what can be due to the used temperature of 150 C. In fact, it was previously found 15a that temperatures up to 100 C are preferable for the solvent-free peroxidative MW oxidation of this substrate catalyzed by copper compounds. While the heterogeneous copper 2/MW/TBHP oxidation system of the present study yields ketone products in the range of other previously reported copper homogeneous systems, 5,6h-k the heterogeneous Mn 1/MW/TBHP system is much more efficient than other MW/TBHP homogeneous systems with dinuclear Mn(II) complexes with Schiff bases 15b in the oxidation of secondary alcohols, since our system operates effectively under additive-free conditions and requires much lower loads of catalyst precursor.
The activity of 1 or 2 in the oxidation of benzyl alcohol is rather modest since only moderated 19% (1) or 24% (2) yields of benzaldehyde were obtained under the same reaction conditions ( Table 2 , entries 7 and 8, for 1 and 2, respectively). The silica-supported manganese dioxide previously applied 16 for the oxidation of benzyl alcohol under MW solvent-free conditions, yielded 88% of benzaldehyde aer 20 s irradiation. However, the MW power and the temperature were not indicated and this system required a 5 : 1 molar excess of MnO 2 relatively to the substrate.
The inuences of various reaction parameters, such as the amounts of catalyst and oxidant, type of oxidant, time, temperature and presence of additives, were investigated for the most active substrate (1-phenylethanol) , and the results are summarized in Table 1 and Fig. 2-4 .
The MW-assisted alcohol oxidation depends strongly on the temperature (Fig. 2) . The overall temperature coefficient of the oxidations is ca. 6.8 for 1 or 4.1 for 2 (temperature range 80-150 C). For example, a high yield of 85.5% of acetophenone Fig. 1 Crystal structures of 1 and 2. Hydrogen atoms and crystallization water molecule (in 2) were omitted for clarity. Symmetry codes to generate equivalent atoms:
Scheme 2 MW-assisted oxidation of 1-phenylethanol to acetophenone catalysed by 1 or 2.
is achieved aer 1 h at 150 C (5 W) for the copper system 2 without any additive (Table 1 , entry 10), which is much higher than the 21.1% yield obtained for the same reaction time but at 80 C (Table 1, entry 5) . Furthermore, at this temperature, only 39.2% (2) or 14.7% (1) of acetophenone is obtained for the extended reaction time of 2 h ( Table 1 , entries 6 and 3, respectively). The inuence of the amount of 1 and 2 on the yield and TON (or TOF) is shown in Fig. 3 (entries 8 and 10-14, Table 1 ). While an amount increase of 1 does not appear to have a signicant effect on the acetophenone yield, the increase of 2 results in a yield enhancement, e.g. from 76.0% to 85.5% upon changing the amount of catalyst from 1 mmol (0.04% vs. substrate) to 10 mmol (0.4 mol% vs. substrate). As expected, the increase of the catalysts amounts results in a corresponding TON lowering for both 1 and 2 (Fig. 3) .
For 1, experiments with the cheaper and environmentally friendly hydrogen peroxide (30% aqueous solution) as oxidant are not effective, as attested by the marked yield lowering, e.g., from 85.5% to 3.0% (entries 10 and 25, Table 1 ), in accord with the expected decomposition of H 2 O 2 under the used reaction conditions (150 C).
The inuence of 2,2,6,6-tetramethylpiperidyl-1-oxyl (TEMPO), a nitroxyl radical can be a promoter in aerobic oxidation catalysis of alcohols, 5,6h,15,17À19 was also investigated. However, a signicant yield decrease (Fig. 4) was observed for the 1-phenylethanol oxidation, from 75.2% or 85.5% in the absence of TEMPO (for 1or 2, respectively, entry 8 or 10, Table 1 ) to 56.6% (1) or 58.1% (2) in its presence (entry 17 or 22, Table 1 ). TEMPO is also known to inhibit the further oxidation of aldehydes to carboxylic acids when this reaction occurs via a radical mechanism.
19c Moreover, the previously recognised promoting effect of basic additives 5,6a,b,e,17a,20 is also not observed for the present catalytic systems; in contrast, addition of 1 M aqueous solution of K 2 CO 3 hampers the catalysis (Table 1 , entries 15 and 20; Fig. 4 ), eventually as a result of reaction with the aqua-metal centres. The presence of HNO 3 also exhibits an inhibitory effect on the acetophenone yield (Table 1 , entries 16 and 21, Fig. 4 ), as found, e.g., for the MW-assisted oxidation of 1-phenylethanol with TBHP catalysed by Cu(II) complexes bearing Schiff base 6h or 1,6-bis(2 0 -pyriyl)-2,5-dithiahexane ligands. 6e, 21 In fact, the mechanism of alcohol oxidation with TBHP does not seem to require the presence of acid as also veried 6f,g in the oxidation of 1-phenylethanol with TBHP catalysed by bi-or tetra-nuclear cage-like copper(II) silsesquioxanes.
A very strong inhibition effect is observed (Fig. 4) when the peroxidative oxidation of 1-phenylethanol is carried out in the presence of either an oxygen-radical trap such as Ph 2 NH (Table  1 , entries 18 (1) or 23 (2)) or a carbon-radical trap such as CBrCl 3 ( Table 1 , entries 19 (1) or 24 (2)). This suggests that the oxidation reaction proceeds mainly via a radical mechanism involving both oxygen-and carbon-centred radicals.
22 It may involve, e.g., the tBuOc radical produced in the Mn or Cu promoted decomposition of TBHP.
5 It may proceed via the coordination of the alcohol substrate to an active site of the catalyst, and its deprotonation to form the alkoxide ligand, followed by a metal-centred dehydrogenation. 6b,17a,20a,c,d,23 2.2.1. Catalyst recycling. Catalyst recyclability was investigated for up to three consecutive cycles for both catalysts 1 and 2. On completion of each cycle, the product was analyzed as usually and the solid catalyst was recovered upon ltration of the reaction mixture, thoroughly washed and dried. The subsequent cycle was initiated upon addition of new standard portions of all other reagents. The ltrate was tested in a new reaction (by addition of fresh reagents), and no oxidation products were detected. Fig. 5 shows the recyclability of the systems: in the second cycle, 1 maintains almost (99.5%) the Fig. 2 Influence of the temperature on the yield of acetophenone in the MW-assisted peroxidative oxidation of 1-phenylethanol catalysed by 1 or 2. Fig. 3 Effect of the amount of catalysts 1 and 2 on the yield (solid lines) and turnover number (TON) (dashed lines) for the oxidation of 1-phenylethanol to acetophenone. original level of activity, and 2 achives 91.8% of its initial one. In the third consecutive reaction cycle, 89% of the initial activity is still exhibited by both complexes, with a rather high selectivity to acetophenone. Atom absorption analysis (7.1% Mn and 19.5% Cu), IR spectroscopy ( Fig. S1 and S2, ESI †) and powder X-ray diffraction ( Fig. S3 and S4 , ESI †) for the recovered catalysts 1 and 2 showed that the structural integrity remains unaltered aer the catalytic reaction.
Conclusions
We have achieved simple and effective syntheses of hydrosoluble mononuclear manganese(II) and tetranuclear copper(II) complexes with AHAMCs ligands, which are not soluble in low polar solvents, thus with a potential for application as heterogeneous catalysts in such media. Their structure and nuclearity are dependent on the active methylene fragment and on substituents in the aromatic part of the AHAMCs ligands, besides the metal ions. The obtained complexes act as efficient and selective heterogeneous catalyst precursors for the mild MW-assisted oxidation of secondary alcohols in solvent-and additive-free systems, thus widening the scope of heterogeneous catalytic systems suitable for MW assisted oxidative transformations of alcohols. A comparative study of their catalytic efficiency has been drawn towards different alcohol substrates.
Moreover, these heterogeneous catalysts are easily recycled without considerable loss of activity. Hence, they show the same advantage, in terms of easy separation and recycling, of supported metal complex catalysts, but without requiring the use of any solid support. The approach followed in this study deserves to be further explored and extended to other oxidation catalyses and to the synthesis and catalytic applications of metal complexes of low solubility in common organic solvents.
Experimental
Materials and methods
All the chemicals were obtained from commercial sources and used as received. The 1 H and 13 C NMR spectra were recorded at room temperature on a Bruker Avance II 300 (UltraShield™ Magnet) spectrometer operating at 300.130 and 75.468 MHz for proton and carbon-13, respectively. The chemical shis are reported in ppm using tetramethylsilane as an internal reference. The infrared spectra (4000-400 cm À1 ) were recorded on a BIO-RAD FTS 3000MX instrument in KBr pellets. Carbon, hydrogen and nitrogen elemental and atomic absorption (Mn and Cu) analyses were carried out by the Microanalytical Service of the Instituto Superior Técnico. All of the synthetic work was performed in air and at room temperature. The catalytic tests under microwave irradiation (MW) were performed in a focused Anton Paar Monowave 300 microwave reactor using a 10 mL capacity reaction tube with a 10 mm internal diameter, tted with a rotational system and an IR temperature detector. Chromatographic analyses were undertaken by using a Fisons Instruments GC 8000 series gas chromatograph with a DB-624 (J&W) capillary column (DB-WAX, column length: 30 m; internal diameter: 0.32 mm), FID detector, and the Jasco-Borwin v.1.50 soware. The temperature of injection was 240 C. The initial temperature was maintained at 140 C for 1 min, then raised 10 C min À1 to 220 C and held at this temperature for 1 min. Helium was used as the carrier gas. The internal standard method was used to quantify the organic products. X-ray powder diffraction patterns (XRPD) were recorded in the reection mode using a D-8 Bruker AXS diffractometer operating at 40 kV and 40 mA, using CuKa radiation (l ¼ 1.5418Å reaction mixture was le to slow evaporation at room temperature. Aer two days, greenish-black crystals of 2 were obtained. 
X-ray measurements
The analyzed crystal was immersed in cryo-oil, mounted in a Nylon loop and measured at a temperature of 296 K. Intensity data were collected using a Bruker APEX II PHOTON 100 diffractometer with graphite monochromatic Mo-Ka (l 0.71073) radiation. Data were collected using omega scans of 0.5 per frame and full sphere of data were obtained. Cell parameters were retrieved using Bruker SMART soware and rened using Bruker SAINT 24 on all the observed reections. Absorption corrections were applied using SADABS. 25 Structures were solved by direct methods by using the SHELXS-97 package and rened with SHELXL-2013. 26 Calculations were performed using the WinGX System-Version 1.80.03. 27 The water and the hydrazine hydrogen atoms were located from the difference Fourier map and rened isotropically with the help of distance restrains. The other hydrogen atoms were placed in calculated positions and rened by using a riding model. Least square renements with anisotropic thermal motion parameters for all the non-hydrogen atoms were employed.
General procedure for the peroxidative oxidation of alcohols
Oxidation reactions of the alcohols were carried out in sealed cylindric Pyrex tubes under focused microwave irradiation as follows: the alcohol (2.5 mmol), tert-butyl hydroperoxide (TBHP) (70% aqueous solution, 5.0 mmol) and the catalyst 1 or 2 (1-10 mmol, 0.04-0.4 mol% vs. substrate) were introduced in the tube which was then placed in the microwave reactor. In the experiments with radical traps, CBrCl 3 (2.5 mmol) or NHPh 2 (2.5 mmol) was added to the reaction mixture. In the experiments with other additives (TEMPO, nitric acid 1 M solution, or potassium carbonate 1 M solution), a 2.5% additive/substrate molar ratio was used. The system was stirred and irradiated (5-10 W) for 0.5-2 h at 80-150 C. Aer the reaction, the mixture was allowed to cool down to room temperature. 150 mL of benzaldehyde (internal standard) and 2.5 mL of CH 3 CN (to extract the substrate and the organic products from the reaction mixture) were added. The obtained mixture was stirred for 10 min, ltered and then a sample (1 mL) was taken from the organic phase and analysed by GC using the internal standard method. Blank tests indicate that only traces (<0.8%) of ketone or aldehyde are generated in a metal-free system.
